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•
We examined the influence of a 12 month high impact, unilateral exercise programme on bone density.
• Participants were 50 healthy, community dwelling men aged 65-80 years.
• The brief daily exercises increased to 50 multidirectional hops, on one randomly selected leg.
• Femoral neck BMD, BMC and geometry increased significantly in the exercise leg compared to the control leg.
• Carefully targeted high impact exercises may reduce risk of hip fracture in healthy older men.
Introduction
Osteoporotic fractures are a major public health problem among older adults. One in two women and one in five men aged fifty and over in the UK will suffer a fracture in their lifetime [1] . Osteoporotic fractures commonly occur at the hip, spine, and wrist and of these hip fractures have the highest short-term mortality, morbidity and associated socioeconomic impact [2] [3] [4] . Regular exercise is widely recommended as the most effective nonpharmacological method for improving and maintaining BMD [5] and can also reduce the risk of falling. As such, exercise has an important role in reducing the predisposition to osteoporotic hip fracture.
Although older people are the population at most immediate risk of osteoporosis, it has been suggested that exercise may be less effective in older, than younger, people [6] [7] . This may be related to the type and intensity of the exercise interventions studied, as lower neuromuscular function [8] or greater injury risk may limit exercise intensity in older people. Meta analysis of exercise intervention studies suggests that mixed loading interventions including low to moderate impact exercises in the form of jogging, walking and stair climbing, together with resistance training, can maintain BMD at the femoral neck in postmenopausal women [9] . However, evidence from animal experiments suggests that the optimal loading regimens are high in magnitude, high in strain rate and provide novel stress on the bone [10] [11] [12] [13] . In children and young adults, high impact jumping exercises that exert a high magnitude of loading at the hip have produced the greatest increases in femoral neck BMD [6] . Therefore, interventions that incorporate brief but regular high impact exercise could potentially increase femoral neck BMD (rather than just preventing bone loss) in older adults.
Few studies have investigated the effects of interventions consisting only of high impact loading in the form of vertical jumping on femoral neck BMD in older people [14] [15] .
These studies found no change in femoral neck BMD following the intervention but these findings pertain to postmenopausal women, whose adaptive response to mechanical loading is thought to be impaired by estrogen deficiency and reduced estrogen receptor number [16] [17] .
Older men are at risk of osteoporotic fractures, and hip fracture related morbidity and mortality are higher for men than women [18] . However, there is little information concerning the effects of long-term exercise interventions on BMD in this population [19] [20] . One exercise intervention including high impact exercises (single and double Therefore, the aim of this study was to investigate the influence of a 12 month high impact unilateral exercise intervention on femoral neck BMD in healthy community dwelling older men, using a within-subjects unilateral design.
Methods

Experimental overview
The study was conducted as a longitudinal, randomised trial of a high impact exercise intervention in older men. The men were prescribed a 12 month, high impact unilateral exercise intervention which increased to 5 sets of 10 multidirectional hops, 7 days a week on one randomly allocated exercise leg, with the contralateral leg being untrained to provide a control leg. Randomisation was performed using the minimisation method so that half of participants exercised on the left leg and half on the right leg. All men were requested to maintain their habitual lifestyle, with no unaccustomed exercise or diet during the intervention period. Participants completed a familiarisation session 3 to 4 days before preexercise measurements. Follow-up measurements were completed after 6 and 12 months of exercise. During the familiarisation visit participants completed health, lifestyle and habitual physical activity questionnaires and were requested to complete a 7 day weighed food diary.
They were also familiarised with performing a set of 10 exercise hops on a force plate. At the first measurement session (pre-exercise) anthropometry, bone mass, bone geometry and the ground reaction forces (GRF) generated during a set of 10 exercise hops were recorded.
After pre-exercise measurements were complete, the hopping exercises were demonstrated and completed under supervision. After 6 months of exercise, measurements of anthropometry and GRF generated during set of 10 exercise hops were repeated. After 12 months of exercise (post-exercise), measurements of anthropometry, bone mass and bone geometry were repeated.
Participants
Older men were recruited from the local area by email, advertising and organised visits to local community groups. To be eligible to take part in the study, all participants had to be 
Exercise intervention
Home-based exercise intervention
Participants commenced a high impact unilateral exercise programme that involved performing brief hopping exercise sessions on their EL at home over a 12 month period ( Figure 2 ). The exercises were demonstrated at the pre-exercise measurement session, once measurements were complete. Each exercise session consisted of several minutes of mobilisation exercises before participants performed the exercise routine which increased progressively to 5 sets of 10 multi-directional hops 7 days per week (Table 1) . Each set of hops were interspersed with a 15 s rest period which consisted of gentle on the spot walking.
In total the hopping exercises lasted between 2 to 3 minutes and the total duration of each exercise session was typically ~15 minutes. Multi-directional hops were introduced in the ninth week of the programme and involved 1 set of each of anterior-posterior, medio-lateral, rotational hops as well as 2 sets of vertical hops.
[Figure 2]
If necessary, participants were advised to hold onto a secure support (i.e. the back of a chair or kitchen bench) to assist with stability in the first three weeks of the training. We highlighted that the support was to assist stability, rather than to assist propulsion. The height of the hops increased from gentle hop attempts in the first week through to the maximum height that could be sustained for 10 consecutive hops in week five. Thus, exercise intensity increased by encouraging participants to continue to hop as high and as fast as they could. The typical progression of exercise is summarised in Table 1, although this was individualised by only progressing once participants were confident with the existing exercises, and reducing intensity (hop height) and or frequency in any participant that reported discomfort during or after exercise. To monitor the exercise progression and safety, participants were requested to attend supervised exercise sessions in groups of five to six. These took place each week for the first month of the training and one supervised exercise session every 3 months thereafter. Attendance at each of supervised sessions was recorded and they involved performing the exercise routine as a group under the supervision of an observer with feedback on technique and verbal encouragement. All hopping exercises were recorded in a log book and participants were asked to record the occurrence and extent of any adverse events or injuries associated with the exercises. Log books were checked during each supervised session.
[ participants wore shorts and a T-shirt.
Dual energy X-ray absorptiometry measurements
Scans of the whole body and both proximal femurs were taken on a GE-Lunar Prodigy dual energy X-ray absorptiometry (DXA) scanner (GE Healthcare, Madison, WI, USA) that was maintained according to the manufacturer's recommendations, including the performance of daily calibration and phantom scan for quality control. Participant positioning for each scan type followed the standardised positioning protocol outlined in the manufactures guidelines. , section modulus). All scans and subsequent analysis was performed by the same operator, who was blind to the exercise leg allocation.
Ground reaction forces during the hop exercise
To assess musculoskeletal loading during the intervention period, vertical ground reaction period of vertical GRF during quiet standing was used to calculate body mass. Force recordings were analysed to yield the absolute and relative (to body weight) peak GRF during take-off and landing averaged over 10 hops.
Statistical analysis
An a priori sample size calculation yielded n = 30 in order to detect a similar differential response between legs for femoral neck BMD as a previous study (equivalent to a 2.0%
difference with a statistical power of 80% and P < 0.05) [25] . Coefficients of variation (CVs) for DXA-derived variables were based on repeat measurements taken on the same day during post exercise scans in 11 older men from this study [27] . CVs for GRF variables were based on repeat measurements taken on separate days (~6 months apart) in a control group of 17 older men previously tested in our laboratory. Differences between legs (EL vs.
CL) pre-exercise were determined using paired t-tests. interactions. When any significant main or interaction effects were identified, paired t-tests were then used to determine which means differed. Paired t-tests were also performed to examine differences pre-exercise and after 6 months of exercise for peak GRF during takeoff and landing averaged over 10 hops. Descriptive data are presented as mean ± SD and inferential data are presented as mean ± SEM. Statistical analysis was conducted using PASW Statistics software (PASW 18.0, SPSS Inc., Chicago, Illinois) with the significance level set at P < 0.05.
Results
Reproducibility
CVs for percentage total body fat and lean soft tissue were 1.2% and 0.5%. CVs for femoral neck BMD, BMC, CSMI, section modulus and minimum neck width were 1.0%, 1.0%, 4.7%, 3.4% and 1.4% respectively. CVs for absolute peak and mean GRF during take-off and during landing were 6.4%, 5.9%, 8.5% and 7.0%.
Intervention adherence and adverse events
Of the fifty men that took part in the study, thirty-five men exercised for 12 months.
Fourteen (28%) of the 50 men withdrew from the study, while BMD data were missing for one man. Three men withdrew from the study due to musculoskeletal discomfort (knee pain 
Physical characteristics
Physical characteristics of the thirty five men are presented in [ Table 2 ]
Body composition and ground reaction forces
Body mass did not change following 12 months of exercise (-0.2 ± 2.1 kg, P = 0.543) but increased significantly following 6 months of exercise (+0.8 ± 1.7 kg, P = 0.000). Similarly, BMI did not change following 12 months of high impact exercise (-0.03 ± 0.70 kg/m 2 , P = 0.827) but increased significantly following 6 months of exercise (+0.27 ± 0.52 kg/m2, P = 0.004). After 12 months of exercise there were no significant changes in total body fat (21.9 ± 5.4 vs. 21.8 ± 4.9 kg, P = 0.658) or total lean soft tissue mass (55.7 ± 5.6 vs. 55.6 ± 5.6
kg, P = 0.649).
During the high impact exercise absolute peak GRF during landing and take-off had both increased following 6 months of the intervention (Table 3) . Peak GRF during landing, expressed in relative terms, increased from 2.7 times body weight to 3.0 time body weight, representing a 12% increase following 6 months of high impact exercise but relative peak GRF during take-off remained unchanged (Table 3) .
[ Table 3 When femoral neck BMD changes were compared between sites (upper neck, lower neck, trochanter) by RM-MANOVA, an overall exercise effect was evident (significant leg x time interaction, P = 0.007) which differed significantly according to site (leg x time x site interaction significant; P = 0.025). Two-way RM-ANOVA revealed a significant interaction (leg x time) effect for BMD at the lower neck but not at the upper neck or trochanter (Table   4 ). Lower neck BMD increased in EL by 1.4% and decreased in the CL by 0.8%.
[Figure 3]
There were significant main effects of time for cross-sectional moment of inertia, section modulus and minimum neck width, although the interaction term was not significant (0.137<P<0.261) (Table 4) [ Table 4 ]
Discussion
This is the first study to document the influence of high impact, unilateral exercise on femoral neck BMD in older men in a longitudinal, randomised trial. The study demonstrated that a 12 month high impact exercise intervention increased femoral neck BMD and BMC in healthy community-dwelling older men. The within-subjects unilateral design of the study (EL vs. CL) reduces the possibility that our findings have been influenced by individual differences in exercise response, lifestyle modifications (physical activity, diet) and agerelated changes that can often confound longitudinal exercise trials in older people.
Musculoskeletal loading can be quantified by measuring the vertical GRF during landing from impact exercise. In the present study, absolute GRF during landing increased by 13% during the first 6 months of the exercise intervention and demonstrates a progression of musculoskeletal loading that may be necessary for continued adaptation. GRFs during landing of 3.5 to 8.0 times body weight from a single countermovement jump and continuous drop jumps (from 61 cm) have produced the greatest increases in femoral neck BMD in children [29] . The prescribed high impact exercises in the present study elicited landing GRFs of 2.7 to 3.0 times body weight, which were higher than the typical peak GRFs generated by healthy older adults during walking, running 3.3 m.s -1 (1.1 to 1.9 times body weight [30-31]), and two-footed drop jumps from 15-20 cm (1.9 to 2.1 times body weight [32] ). The 1.6% net gain in femoral neck BMD and the 1.3% net gain in femoral neck BMC in our study are in contrast with findings from previous studies in postmenopausal women which found no changes in femoral neck BMD or BMC following 6, 12 and 18 months of vertical jumping exercises [14] [15] . Other than sex and related hormonal differences, discrepancies between studies may be attributed to differences in the exercise prescription. Evidence from animal experiments and human interventions have shown that the adaptive response of bone is maximised when loading cycles are interspersed with short, regular rest periods [33] [34] and when loading bouts are performed frequently i.e. 7 days a week [25] . The exercises employed in previous interventions were performed 2-3 days [14] and 6 days a week [15] , without rest intervals (50 jumps [14] and 100 jumps [15] ). Thus, less frequent and prolonged periods of loading may have impaired and saturated the bone's adaptive response in postmenopausal women. Furthermore, continued adaptation to exercise requires progressive overload and the mechanostat theory suggests that bone can become accustomed to constant loading of a similar magnitude until a higher magnitude load is applied [35] . As the authors did not monitor the vertical GRF during the exercise programmes [14] [15] it is difficult to determine whether musculoskeletal loading was of a sufficient magnitude to produce an adaptive response in BMD in these postmenopausal women.
The magnitude of change we observed in femoral neck BMD (1.6%) was similar to the change previously documented in older men following a 12 and 18 month progressive resistance training incorporating high impact exercise (1.8% and 1.9% [21] [22] ). However, the duration of the exercises intervention employed by these authors was longer than the present study, the population was younger (70 ± 4 vs. 61 ± 7 yrs) and the high impact exercises formed only a very small component of an extensive resistance training programme.
In contrast to findings for a similar high impact unilateral exercise intervention in premenopausal women [25] , the overall exercise effect differed significantly according to hip site (P = 0.025). Specifically, the greatest changes were found at the lower neck, where BMD increased in the EL by 1.4% and decreased in the CL by 0.8%. The inferior region of the femoral neck is the primary weight-bearing site [36] . The greatest increase at the lower femoral neck may be due to hopping generating greatest strains in this region; it is likely that hopping will produce axial compression and bending that is greatest on the inferomedial surface of the femoral neck, although the multidirectional movements were intended to distribute strains more widely.
The high magnitude of loading associated with performing high impact exercises has the potential to result in injury [37] . In the present study, three men withdrew due to musculoskeletal injuries related to the exercises but the majority of participants (n=9) withdrew because of health problems or injuries that were unrelated to the exercise intervention e.g. lower back strain from gardening, stomach ulcer. Seventy percent of participants completed the 12 month high impact, unilateral exercise intervention and this is comparable to the 73% completion rate reported for a similar but shorter (6 months) high impact unilateral exercise intervention (50 multi-directional hops, 7 days per week) in premenopausal women [25] . Participant adherence to the exercise programme in the present study was 91% (306 sessions completed out of 336 prescribed sessions) which is higher than the adherence reported for a vertical jumping programme in postmenopausal women (82%) [14] and for combined resistance (65% [21] and 63% [22] ) and progressive resistance exercise programmes (71% [38] ) in older men (50-80 yrs). The high participant adherence and low number of adverse events documented in the present study demonstrates the feasibility of the high impact exercises in older men and may be attributed to the low time demands of this intervention (~2-3 minutes to complete the hopping exercises) and the convenience of a home-based exercise programme requiring no specialist equipment. It should be noted however, there is likely to be a higher risk of injury for frail older adults performing high impact exercises so it is essential that this type of exercise is individually prescribed.
Exercise can affect the distribution of bone as well as the quantity of bone [39] . To document changes in hip geometry following high impact exercise, CSA, section modulus and minimum neck width were assessed. We found that CSA increased significantly in the EL relative to the CL (+1.2% vs. -1.2%) and section modulus (a surrogate of bending strength) increased significantly in the EL (2.3%) only. These changes demonstrate increases in strength, conferring greater resistance to fracture. Minimum femoral neck width (a surrogate estimate of bone size) did not change with exercise, but increased significantly (0.7%) in the CL. Our hip geometry results confirm findings from a previous cross-sectional study which demonstrated that athletic populations participating in high impact (i.e.
volleyball, hurdling) and odd impact (i.e. squash, football) loading sports had similar femoral neck widths but larger section modulus (22% and 26%) compared to non-athletic referents [40] . Moreover, the extent to which 2 to 3 minutes of daily high impact exercise increased CSA and section modulus in the current study was similar to the increases previously achieved following a longer (~12-18 months) and more demanding (>3 hours a week) combined resistance and high impact exercise programme in older men (1.8% and
2.1% [21-22]).
The loss of BMD (-0.9%) and increased femoral neck width (+0.7%) we observed in the CL are also consistent with annual age-related changes in femoral neck BMD (-0.8% [41] ) and femoral neck width in older men (+0.3% [42] ). The increase in neck width may partly compensate the BMD loss to maintain strength in bending [43] , but if a wider diameter and thinner cortex were subject to fall, this could increased the risk of fracture [44, 45] . The maintenance of femoral neck width and the gains in BMD and section modulus we observed with exercise, most likely suggest that high impact exercise produces an increase in cortical thickness by reducing endocortical resorption at the femoral neck rather than changes in periosteal expansion. Such a suggestion is compatible with findings from one study using MRI which found that athletes taking part in high and odd impact sports had a ~20% thicker cortex at the femoral neck [46] . Similarly, results from a 12 month combined aerobic step and jumping intervention in postmenopausal women revealed a 3.6% increase in section modulus and 3.7% increase in the ratio of cortical bone to total bone area at the distal tibia, indicating an exercise-induced thickening of the bone cortex [47] .
The main limitation of this study pertains to the exclusion of unhealthy individuals and any selection bias due to the voluntary participation that could skew our sample of older men towards a healthier and fitter population than the average. The generalisability of our findings is therefore limited to healthy, community-dwelling men (65-80 yrs), who are capable of performing high impact exercise. It was not the aim of the present study to conduct an intention to treat analysis; we therefore acknowledge that our results may yield a smaller effect size than clinical studies performing this type of analysis. We did not have a control group who did not have any intervention; the control leg may have been affected by any systemic or crossover effects of the exercise. Given that any exercise effects on the control leg are likely to be beneficial rather than detrimental, use of a control leg rather than control group seems more likely to underestimate rather than overestimate exercise effect.
In a previous study of a similar intervention in premenopausal women [25] , changes in the control leg of exercisers were similar to changes in an independent control group.
Furthermore, the study of bone geometric features in the present investigation is restricted by the inherent limitations of HSA algorithms and DXA technology particularly in older adults [48] . The geometric properties (i.e. CSA, section modulus) were derived from twodimensional DXA data. This involves a number of assumptions about the distribution of three-dimensional bone tissue [49] . Bone strength is affected by the distribution of bone (e.g. cortical thinning at structurally important regions of the proximal femur may predispose older adults to hip fracture [44, 50] ) and this may be affected by exercise. To more fully understand the effects of exercise on bone strength, there is a need for further evaluation of exercise effects using techniques such as computed tomography or magnetic resonance imaging that allow three-dimensional imaging, to detect changes in geometric parameters such as cortical thickness and to allow estimation of bone strength through modelling techniques such as finite element analysis.
Given that hip fractures are a major public health problem among older adults [1] and low femoral neck BMD is strongly associated with higher hip fracture incidence [51] , our findings have important implications for informing preventative strategies against the risk of osteoporotic hip fracture in older men. Brief (2 to 3 minutes) but regular high impact exercise repeated on both legs may be suitable for integration into exercise interventions aimed at preventing osteoporotic hip fractures in healthy community-dwelling older men, with suitable screening and advice on progression. Further randomised longitudinal trials are required to determine whether this type of exercise is feasible and effective for improving bone health in a broader range of older adults.
In conclusion, a 12 month high impact, unilateral exercise intervention was effective for inducing modest increases in femoral neck BMD and BMC in older men. * significant difference as determined by paired samples t-test (P < 0.05). Vitamin D intake (µg/day) 3.3 ± 1.8 Table 4 Hip BMD, BMC and geometry parameters in the EL (n = 35) and CL (n = 35) of older men before and after a 12-month high impact unilateral exercise intervention . Values are mean ± SEM and the displayed P value denotes the ANOVA interaction and main effects. * significant effects observed at P < 0.05. 
